The response of the Euglena gradiis (Klebs strain Z) photosynthesis circadian rhythm to three calmodulin antagonists was examined. In the presence of an antagonist, the photosynthetic reactions were uncoupled from the biological clock. Instead of the highly predictable rhythmic pattern characteristic of a biological clock-controlled circadian rhythm, the photosynthetic rate appears to be influenced by the light/dark cycle. The rate of 02 evolution increases throughout the light portion of the cycle and does not decrease until the cells are exposed to darkness. Shortterm exposure to a calmodulin antagonist (2 hour pulses) failed to cause phase shifts in the timing of the rhythm. This suggests that calmodulin is not part of the clock controlling photosynthesis and that it has a clockrelated role different from that reported for the cell division rhythm in Euglena.
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Numerous physiological and biochemical processes in eucaryotic cells display predictable daily changes in rate that are accomplished by coupling the process to the biological clock. The biochemical basis for the biological clock is unknown and it is not certain whether cells have one master clock controlling all circadian rhythms, or whether multiple clocks control specific subsets ofrhythmic processes. The circadian rhythms ofEuglena have been extensively studied (3) and recently a feedback loop involving Ca2" and calmodulin was proposed in an attempt to define biochemically components of the clock controlling the Euglena cell division rhythm (7) . The rationale for proposing calmodulin involvement was based on the observation that exposure to a calmodulin antagonist results in phase shifting (timing advances or delays) of the monitored cell division rhythm (7) . If the proposed feedback loop represents a master clock in Euglena, then all rhythms using the master clock should be phase shifted by the application of calmodulin inhibitors. This investigation reports that the photosynthetic rhythm of 02 evolution is not phase shifted by three commonly used calmodulin antagonists. Instead, it appears that the effect of inhibiting calmodulin is to uncouple the photosynthetic reactions from the clock that controls them, thereby changing the expression of this rhythm.
These observations suggest that calmodulin may serve a second role in clock regulated processes in Euglena by participating in the steps used to link photosynthesis to the clock.
MATERIALS AND METHODS
Cell Cultures. Euglena gracilis (Klebs strain Z) was procured from the American Type Culture Collection (No. e 12716) and was maintained as previously reported (12, 13) . Aliquots from liquid stocks were added to 250 ml flasks containing 200 ml liquid medium. Cultures were exposed to a 10 h light, 14 h dark cycle with a light intensity of 300 gE m-2 s-'. Cultures were magnetically stirred and aerated with filter sterilized room air at a rate of 0.5 L min-'. When required by experimental design, cultures were exposed to constant dim light of 3.5 ,uE m-2 s-' intensity.
Photosynthesis Measurements. Whole cell photosynthetic rates were measured using the 02 electrode system previously reported (12, 13) . The in vitro whole chain electron flow rates were determined using a water to methyl viologen assay with isolated chloroplasts as previously described ( 13) .
Phase Shifting. The ability of calmodulin antagonists to alter the phase of the photosynthesis rhythm was examined by exposing cells to 2 h pulses ofa particular antagonist. At the beginning of the transition from dark to light, when the culture was at a density of 8 x 104 cells ml1', the light intensity was adjusted to 3.5 1uE m-2 s-' for the following 4 (7) . To ensure that a potential phase shift would be observed, each of the three antagonists were pulsed at six separate times during the h 7 to 26 of constant light conditions. Several times were included that were reported to result in large phase shifts in the cell division system. Regardless ofthe inhibitor used or the time ofthe inhibitor pulse, the same type of response was observed. The first 24 h cycle after a 2 h pulse was typically altered in shape, usually a broadening of the expected peak and a loss of rhythmicity in all subsequent cycles. To show the similarity in the response of the cells to 25 'Abbreviations: TFP, trifluoperazine; CPZ, chlorpromazine; W-7, N-(6-aminohexyl)-5-chloro-1-naphthalene-sulfonamide; W-5, N46-aminohexyl)-l-naphthalene sulfonamide; ST, standard time.
Mm TFP, 20 AM chlorpromazine, and 25 gM W-7, data from phase shift attempts during the 8 to 10 h of constant conditions (circadian time) are plotted in Figure 1 , D, E, and F. The patterns for the calmodulin antagonists are distinctly different from the rhythmic pattern observed in a control culture (Fig. 1A ). For comparison, data for a phase shift pulse of TFP administered during the 22 to 24 h of constant conditions (circadian time) is shown in Figure IC . While the immediate response of the cells is slightly different than that shown in Figure ID , the loss of rhythmicity in subsequent cycles is still observed. To verify that the manner in which the antagonists were administered or the subsequent handling of the cells during the washing procedure was not causing the arrhythmicity, W-5, an analog of W-7 which does not bind calmodulin, was administered during the 8 to 10 h of constant conditions (Fig. IB) or during the 22 to 24 h of constant conditions. The exposure to and the removal of the W-5 had no effect on the timing of the photosynthesis rhythm.
Long-Term Exposure to Calmodulin Antagonists. An unusual effect on the typical rhythmic pattern for photosynthesis is observed when cells are exposed to a calmodulin antagonist for several hours or days. Figure 2 , A to C, shows the effect of TFP, CPZ, and W-7 on the diurnal portion of the photosynthesis rhythm compared to their controls. At midlight cycle, when the control population is at its photosynthetic maximum (ST 1400), the antagonist-exposed cells were usually photosynthesizing at a higher rate. One h before darkness (ST 1700), the antagonistexposed cells were photosynthesizing at a significantly higher rate. One intriguing aspect of this observation is that in the presence of a calmodulin antagonist, the decrease in photosynthetic rate after the midday peak is not observed. Instead, the photosynthetic rate steadily increases until darkness. The typical photosynthetic rhythm for Euglena is shown in Figure 2D . The rate of 02 evolution in untreated cells is maximal 6 h into a 10 h light/dark cycle. The duration of time the cells maximally photosynthesize is short with a rapid decrease in the rate during the second half ofthe light period. The decrease in rate is thought to be controlled by the biological clock because the waveform of this rhythm persists in constant dim light conditions where there are no environmental timing cues ( Fig. 2D ; [12, 13] which removes environmental timing cues, the photosynthetic rate is constant at a mean value that is determined by the incident light intensity (Fig. 2E) . The concentrations of antagonists used were the same as those used in the phase shift attempts. TFP Does Not Inhibit in Vitro Photosynthetic Rates. The use of calmodulin antagonists must always proceed cautiously because of the high probability of nonspecific secondary effects (15) (16) (17) . To avoid the complication that the antagonists were disrupting or affecting the photosynthetic light reactions, and not a calmodulin involvement in the biological clock, the in vitro light reaction rates were measured in the presence of TFP. The rate of light-induced whole chain electron flow was measured in isolated chloroplasts in the presence of TFP. Because the rate of light-induced electron flow is controlled by the biological clock, and is not constant over the 24 h cycle (13), the rates were measured at two different times of day when the rates were both high and low (Table I) . When added to chloroplasts at the beginning of the day (ST 0900) or at the time of day when the maximum in the photosynthetic rate is observed (ST 1400) no inhibition of the electron flow rate was observed. The in vitro rate of light-induced whole-chain electron flow was measured using a water to methyl viologen assay at two times of day with and without the presence of 25 ,M TFP. Cells were grown in a light/ dark cycle and were removed 1 h into the light cycle (ST 0900) and at the maximum of the photosynthetic rhythm (ST 1400 should phase shift all clock-controlled processes. The inability of a calmodulin antagonist to alter the phase of the photosynthesis rhythm using the same concentrations of antagonist and administered at times reported for the cell division rhythm indicates that a different feedback loop controls the photosynthesis rhythm. Alternative explanations are that the lack of phase shifting is because of secondary effects on the photosynthetic reactions or that the administration and removal of the antagonists was different from the cell division rhythm system and was responsible for the arrhythmicity shown in Figure 1 . Several lines of evidence argue against nonspecific secondary effects on the photosynthetic reactions. Three separate inhibitors, two phenothiazine drugs and one sulfonamide, all gave comparable results. The photosynthetic light reactions are not affected in vitro (Table  I ) by the presence of TFP which causes secondary membrane responses in some systems (15) (16) (17) . Furthermore, when cells are continuously exposed to an antagonist, photosynthetic rate increases several-fold during the light portion of the growth cycle (Fig. 2C) while cell division rate is unaffected. Collectively, these data argue against secondary effects. To exclude the possibility that the administration and removal of an antagonist was responsible for the arrhythmicity shown in Figure 1 , W-5, the analog of W-7 that does not bind calmodulin, was administered during the 8 to 10 h of constant light. No disruption of the expected photosynthetic rate or rhythmic pattern was observed (Fig. 1 B) . The most desirable method to demonstrate two clocks would be to monitor both the photosynthesis and cell division rhythms simultaneously after exposure to calmodulin antagonists. The culture conditions required to follow the two rhythms, Circadian Time however, are incompatible. The cell division rhythm can be followed in constant dim light (the condition used to study the photosynthesis rhythm), but the light intensity permissive for the expression ofthe cell division rhythm is higher than that required for the photosynthesis rhythm and would result in loss of photosynthesis rhythmicity (12) . An additional complication ofcomparing the phase shifting results is that the cell division rhythm is usually studied in repetitive high frequency cycles of 3 h light followed by 3 h dark. The effect that these skeleton photoperiods have on clock controlled processes is not completely known (4), and it has been questioned whether the results from such growth conditions are comparable to the constant light conditions used in this study (1 1). While the photosynthesis rhythm does not respond to an antagonist by a phase shift, the rhythm can be perturbed indicating some clock-related role for calmodulin. The long-term response of the cells to a 2 h pulse of antagonist is the loss of rhythmicity (Fig. 1) . It is possible that by temporarily inhibiting calmodulin, a step responsible for coupling photosynthesis to the clock has been affected. After removal of the antagonist, the clock apparently does not regain its control over photosynthesis in the absence ofenvironmental signals. Whether the clock could regain its control if the cells are returned to a light/dark cycle was not tested. The data presented in Figure 2 suggest that calmodulin might be part of the transducing steps connnecting or coupling the photosynthetic reactions to its clock. In the continued presence of an antagonist the photosynthetic reactions change from a clock-controlled circadian rhythm (Fig. 2D) to a waveform requiring a light/dark transition as a timing cue (Fig.  2E) . The ability to uncouple the photosynthetic reactions from the biological clock may afford an opportunity to study biochemically transducing or coupling steps between photosynthesis and the clock that controls it.
The question of where calmodulin is exerting its control on the photosynthesis rhythm is still unanswered. The involvement of calmodulin in the photosynthesis reactions has been proposed on the basis of sensitivity to phenothiazine drugs (1, 2) , but the data presented in Table I are not consistent with these observations. The question then remains, is calmodulin involved in the steps coupling the light reactions to the biological clock, is it part of the light reactions, or both? These questions will be difficult to approach, in part, because it has not been determined where the clock controlling the photosynthetic reactions is located (e.g. cytoplasm, chloroplast or both). A stimulation or inhibition of the light reactions using exogenously added calmodulin could indicate whether calmodulin is part of the light reactions. There are two possible Ca2l requiring sites in the light reactions (5, 8) .
It should also be determined if calmodulin is a chloroplastic protein. This question is being addressed by immunoblotting techniques using anti-calmodulin antibody. The hypothesis that is currently being tested is the following. If calmodulin can be demonstrated to be a chloroplastic protein, it could affect the rate of the light reactions by controlling the availability of the electron acceptor NADP. The pathway leading to the production of NADP used in the chloroplast has never been elucidated, but theoretically it could be produced from NAD kinase, a calmodulin-regulated enzyme, provided that NAD kinase is a Euglena chloroplastic enzyme. By altering the activity of the NAD kinase on a circadian time scale, the availability of NADP would also change on a circadian time scale. Such an oscillation of NADP levels has been shown in Euglena (7) and 24 h rhythmic changes in the activity of Lemna NAD kinase have been reported (6) .
The maximal rate of whole chain electron flow is rhythmic on a circadian time scale as has been shown for Euglena (13) and other organisms (9) . However, NADP availability could not be the only limitation to the rate of electron flow because rhythmic whole-chain electron flow is observed even in the presence of artificial electron acceptors substituting for NADP (13) .
It would be a fascinating outcome if the same regulatory protein, calmodulin, could be shown to have two different roles in coordinating biological clock-controlled rhythms. The results presented in this study suggest a role other than a component of the biological clock itself. Final proof of the role of calmodulin in either the cell division or the photosynthesis rhythm may require in vitro biochemical reconstruction of the actual steps demonstrating the regulatory steps involved. There are currently no established criteria suggesting how many steps to expect in a transducing sequence linking a rhythm to its clock, the biochemical nature of those steps, or how the cells might be expected to respond when transducing steps are inhibited or altered. However, it is anticipated that if the actual role of calmodulin in the transducing steps is identified, several questions concerning how the photosynthesis rhythm is generated might be addressed.
